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ABSTRACT 

An  experimental  diver-operated  Construction  Assistance  Vehicle 
(CAV)  was  designed,  fabricated,  and  evaluated  in  order  to  determine  the 
feasibility  of  and  general  specification^  for  a  prototype  diver  work  vehicle. 
The  CAV,  fabricated  from  off-the-shel  components,  is  capable  of  carrying 
1 .300  pounds  of  wet  weight  cargo  between  the  surface  and  the  ocean  bottom 
work  site.  The  craft's  pneumatic  and  hydraulic  power  is  available  to  operate 
hand-held  power  tools..  Over  100  test  dives  were  conducted  in  the  ocean, 
with  the  craft  being  operated  to  a  maximum  depth  of  1 10  feet.  Operational 
testing  proved  the  CAV  to  be  a  safe  and  effective  means  for  delivering  cargo 
and  for  powering  diver  tools.  Also,  when  the  CAV  was  compared  to  other 
vehicles,  it  was  determined  that  the  CAV  is  the  only  system  that  provides 
the  worxing  diver  with  total  ocean  bottom  support.  The  necessary  refine¬ 
ments  are  delineated,  and  general  specifications  for  a  prototype  vehicle  are 
presented. 
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^An  experimental  diver-operated  Construction  Assistance  Vehicle  (CAV)  was  designed, 
fabricated,  and  evaluated  in  order  to  determine  the  feasibility  of  and  general  specifications 
for  a  prototype  diver  work  vehicle.  The  CAV,  fabricated  from  off-the-shelf  components,  is 
capcb'e  of  carrying  1.300  pounds  of  wet  weight  cargo  between  the  surface  and  the  ocean 
bottom  work  site.  The  craft's  pneumatic  and  hydraulic  power  is  available  to  operate  hand¬ 
held  power  tools.  Over  100  test  dives  were  conducted  in  the  ocean,  with  the  craft  being 
operated  to  a  maximum  depth  of  110  feet.  Operational  testing  proved  the  CAV  tobea 
safe  and  effective  means  for  delivering  cargo  and  for  powering  diver  tojla.— Also,  when 
the  CAV  was  compared  to  other  van  ides,  it  was  determined  that  the  CAV  is  the  only 
system  that  provides  the  working  diver  with  total  ocean  bottom  support.  The  necessary 
refinements  are  delineated,  and  ge  teral  specifications  fc  -  a  prototype  vehicle  are  presented. 
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INTRODUCTION 


Under  the  sponsorship  of  the  Naval  Facilities  Engineering  Command 
(NAVFAC),  the  Naval  Civil  Engineering  Laboratory  (NCEL)  is  developing 
tool  systems  for  use  by  naval  underwater  construction  forces.  Considerable 
research  has  been  directed  towards  providing  safe  and  reliable  underwater 
tools  and  power  sources.  Both  pneumatic  and  hydraulic  tool  systems  have 
been  investigated.*  The  objective  of  the  NAVFAC/NCEL  program  is  to 
provide  working  divers  with  tool  systems  which  are  compatil  ••  with  the 
hostile  environment  and  which  will  increase  their  working  capabilities. 

In  conjunction  with  the  tool  systems,  the  Laboratory  has  developed 
an  experimental  Construction  Assistance  Vehicle  (CAV)  which  can.  provide 
working  divers  with  an  underwater  "pickup  truck"  capable  of  short-naul 
transportation  of  tools,  power  supplies,  equipment  and  personnel  be  .ween 
the  surface  and  the  undei  water  construction  site.  This  report  describes  the 
design,  fabrication,  and  technical  evaluation  of  the  experimental  CAV. 

BACKGROUND 

The  CAV  represents  the  completion  of  ihe  first  step  in  the  development 
of  a  work  vehicle  for  usa  by  the  navai  construction  divers.  This  exp  ;rimental 
vehicle  was  designed  as  a  test  bed  by  which  criteria  and  general  specifications 
for  a  prototype  fleet  vehicle  could  be  established. 

The  concept  for  the  CAV  was  formulated  in  ’966,  and  a  project  was 
established  to  design,  fabricate,  and  evaluate  a  material-handring  unit  for  under¬ 
water  work  systems,  such  as  diver  tools  and  power  sources,  cargo-handling 
equipment,  manipulators,  and  excavating  equipment.  The  techniques  and 
equipment  generated  from  the  material-handling  unit  are  to  be  used  in  the 
development  of  future  continental  sheif  work  vehicles,  either  diver  operated, 
remote  controlled,  or  operated  from  a  manned,  one-atmosphere  capsule. 

Figure  1  shows  a  simplified  conceptual  di  awing  of  the  proposed  material¬ 
handling  unit. 

*  Nava!  Civil  Engineering  Laboratory.  Technical  Repou  R-729.  Technical  evaluation 
of  diver-held  power  toots,  by  S.  A.  Black  and  F.  E.  Barrett.  Port  Hucnemc.  Calif.. 

Jun  1971.  IAD  726161) 
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•  P^S  *  port  and  starboard 


[-• — 3  ft — 


Figure  1.  Conceptual  drawing  of  material-handling  unit. 
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The  material-handling  unit  concept  was  carried  through  a  preliminary 
design  during  FY-68.  Final  design,  complete  with  fabrication  drawings,  was 
accomplished  during  FY-69  by  a  naval  architectural  firm  under  contract  to 
NCEL.  The  vehicle,  named  the  CAV,  was  fabricated  by  a  marine  hardware 
firm  during  FY-70.  Modification,  test,  and  evaluation  of  the  CAV  was 
accomplished  during  FY-71/72  at  the  Nav3l  Civil  Engineering  Laboratory. 

The  preliminary  design  for  the  CAV,  Figure  2,  established  that  the 
vehicle  should  have  the  following  general  specifications: 

Cargo  bed . 4  feet  x  7  feet 

Cargc  capacity .  2,000  pounds  (wet) 

Endurance . 4  hours 

Collapse  depth .  250  feet 

Operational  depth . 120  feet 

Operational  personnel . 2  divers 

Speed  (submerged) . 3  knots 

Power . Electro-hydraulic 
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2.?5-in.-OD  x  0.180-in. -thick  tube 


flanged  hemispherical  26-in.-ID  x  3/8-in. 
thick  dished  head  IP4S! 


Side  View 


figure  2.  Preliminary  design  of  CAV. 


In  order  to  minimize  costs,  maximum  use  of  "off-ti  le-shelf" 
components  and  standard  fabrication  techniques  was  specified.  Design 
constraints  based  on  cost,  simplicity,  reliability,  and  safety  included:  (1 )  use 
lead— acid  batteries;  (2)  utilize  an  electro-hydraulic  propulsion  system  that 
could  also  power  hydraulic  tools;  (3)  eliminate  electrical  control  and  circuitry 
in  vicinity  of  diver-operators;  (4)  utilize  mechanical  linkages  for  actuation  of 
all  control  functions;  and  (5)  provide  an  easily  accessible  cargo  area. 

Figure  3  shows  the  first  configuration  developed  from  the  above  spec¬ 
ifications.  The  craft  was  to  be  25  feet  long,  9  feet  wide,  and  consist  of  two 
longitudinal  30-inch-diameter  tubes  and  transverse  fore  and  aft  tubes.  The 
craft  was  to  be  electro-hydraulically  powered,  and  the  rudders,  planes,  and 
tilting  propulsion  units  were  to  be  mechanically  actuated.  The  transverse 
tubes  ware  to  be  used  for  fore  and  aft  water  ballast  trim. 

Analysis  of  the  configuration  indicated  tnat  it  had  insufficient  stability 
when  submerged.  Thus,  it  was  necessary  that  a  fixed  ballast  be  added  at  a 
greater  distance  below  the  tubular  hull  structure.  The  addition  of  ballast 
reqjired  an  enlarged  skeg.  The  skeg  structure  v/as  used  to  form  a  ballast  tank, 
thus  enabling  the  main  hull  to  be  reduced  in  diameter.  In  addition,  the  fixed 
ballast  was  made  movable  to  accommodate  fore  and  aft  trim. 

During  the  latter  period  of  the  design,  a  plywood  mockup  of  the  CAV 
cockpit  was  fabricated,  complete  with  instrumentation  and  controls.  This 
mockup  was  used  to  determine  the  best  location  for  the  vehicle  controls  and 
to  establish  basic  operational  and  safety  procedures.  (A  mockup  is  considered 
to  be  the  single  most  important  design  aid  for  developing  a  safe  and  operable 
vehicle.]  The  mockup  also  provided  an  excellent  tool  for  training  the  CAV 
operators.  A  more  complete  discussion  of  the  mockup  and  its  use  is  contained 
in  the  Appendix. 


DESCRIPTION  OF  VEHIC'.E 

The  catamaran-hulled  vehicle  (Figures  4  and  5)  was  fabricated  primarily 
from  mild  steel.  The  main  hull  tubes  provide  most  of  the  vehicle's  buoyancy 
for  submerged  operation.  The  two  tanks  (main  ballast  tanks),  located  below 
the  main  hull  structure,  provide  buoyancy  for  surface  handling  of  the  vehicle. 
Two  auxiliary  ballast  tanks,  integral  to  the  main  hull  structure  and  centered 
at  the  cargo  deck,  provide  a  variable  seawater  baliast  capability  to  compensate 
for  cargo  weight. 


SkJe  View 


Front  View 


Figure  3.  First  configuration  developed  by  design  agent. 


The  primary  power  to  operate  the  vehicle's  propellers  and  pumps  is 
supplied  bv  two  sets  of  oil-filled,  pressure-compensated  lead-acid  batteries. 
Each  battery  powers  a  60-volt-DC  constant  speed  motor.  The  electric  motors 
are  coupled  to  variable-volume  oil  hydraulic  pumps.  Each  motor  pump  unit 
is  housed  in  a  nitrogen-filled,  pressure-compensated  container. 

Two  pairs  of  hydraulic  motors  coupled  directly  to  propellers  provide 
thrust  for  operating  the  vehicle.  The  upper  propellers  (main  propulsion  units) 
rotate  through  190  degrees  to  provide  variable  thrust  direction  for  submerged 


compensating  bladder  enclosure  (P&S) 
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operation.  The  lower  propellers  (auxiliary  propulsion  units)  provide  thrust 
for  surface  handling  of  the  venicle.  Two  hydraulic  motors  are  also  coupled 
to  seawater  pumps  to  enable  the  vehicle  operators  to  adjust  the  amount  of 
water  in  the  auxiliary  baiiast  tanks. 

Two  300-pound  trim  weight  assemblies  are  located  in  the  lower  part 
of  the  main  ballast  tanks.  The  fore  and  aft  adjustment  of  the  trim  is  powered 
by  a  pneumatic  motor  located  in  the  cockpit.  Compressed  air,  which  is  used 
to  operate  the  trim  weights,  to  provide  life  support,  and  to  blow  the  main 
ballast  tanks,  is  supplied  by  five  220-ft3  high-pressure  bottles  located  under 
the  cargo  deck  grating.  The  craft's  pneumatic  and  hydraulic  power  is  avail- 
ab'e  for  operating  hand-held  power  tools. 

All  controls  in  the  electro-hydraulically  powered  craft  are  actuated 
mechanically  from  the  cockpit  by  the  diver-operator;  there  are  no  electrical 
controls  in  the  cockpit  vicinity.  The  craft  contains  no  movable  planes  or 
rudders;  steering  is  accomplished  by  independently  varying  the  speed  of  the 
port  propeller  and  starboard  propeller.  Fore  and  aft  trim  is  corrected  by 
moving  the  vehicle's  trim  weights.  Vertical  thrust  for  diving  is  accomplished 
by  rotating  the  main  propulsion  units.  Table  1  lists  the  major  vehicle  com¬ 
ponents  with  a  brief  description  of  each.  The  major  vehicle  characteristics  are: 

Overall  length . 26.5  feet 

Overall  width . 9.5  feet 

Overaii  height . 7  feet 

Weight .  18.630  pounds 

Cargo  bed  dimensions . 1 1  x  4.5  x  1 .5  feet 

Maximum  operating  depth . 120  feet 

Maximum  submerged  speed . 2.5  knots 

Maximum  surface  speed . 2.8  knots 

Endurance  at  maximum  speed . 4  hours 

Battery  power  available  at  70°F, 

60  vc  Its,  95  amps . 37  kw-hr 

Compressed  air . 1,100  ft3 

Cargo  capacity .  1 ,300  pounds 

Maximum  fore  and  aft  trim  capability .  2,800  ft-lb 

Trim  rate . 140ft-lb/$ec 

Hydraulic  power  available  fc.r  tools . 6  gpm  at  1 ,400  psi 


■ 


I 

5 


Table  t.  Major  Vehicle  Components 


System  I  Major  Compo'wjnt  Quantity  function  Description  Control 
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Main  Hull  Structure 

Figures  4  and  5  show  the  general  configuration  of  the  catamaran-hulled 
vehicle.  The  main  hull  structure  consists  of  two  26-inch-ID  cylindrical  tubes 
that  run  the  length  of  the  craft  and  fout  transverse  tubes  that  tie  the  hull 
together.  Most  of  the  submerged  buoyancy  is  provided  by  these  tubes,  which 
were  designed  for  a  collapse  depth  of  250  feet. 

The  longitudinal  tubes  are  fabricated  from  1/4-inch-thick  mild  steel 
(ASTM  A-6)  rolled  plate.  The  hull  design  provides  for  a  1 /32-inch  corrosion 
allowance  and  an  out-of-roundness  of  3/16  inch.  The  forward  ends  of  the 
longitudinal  tubes  are  closed  with  hemispherical  heads  and  the  aft  ends  with 
dished  heads.  The  hemispherical  heads  improve  the  hydrodynamic  shape  of 
the  bow. 

The  longitudinal  tubes  are  subdivided  by  26-inch-OD  flanged  dished 
heads.  Ring  stiffeners  are  provided  midway  between  each  dished  head  to 
further  stiffen  the  hull  tubes.  The  forward  transverse  lubes  are  constructed 
similarly  to  the  longitudinal  tubes;  the  diameter  of  the  aft  transverse  tubes 
was  made  smaller  to  provide  access  to  the  cargo  deck  for  loading  and  unloading. 

Main  Ballast  Tanks 

The  primary  function  of  the  main  ballast  tanks  is  to  provide  buoyancy 
for  surface  handling  of  the  vehicle.  In  addition,  the  tank  structure  functions 
as  a  landing  skeg  and  as  a  support  for  the  trim  weight  system.  The  tanks, 
which  are  soft  ballast  tanks  (that  is,  the  bottoms  are  permanently  open),  are 
completely  flooded  when  the  vehicle  is  submerged. 

The  tank  side  plating  is  1 /8-inch-thick  mild  steel  (ASTM  A-7).  There 
are  five  equally  spaced  web  frames  and  watertight  bulkheads  at  each  end.  The 
upper  boundary  of  the  tanks  is  formed  by  the  main  hull  longitudinal  tubes. 

The  lower  boundary  of  the  tanks  is  an  8-inch-diameter  standard  steel  pipe, 
which  houses  the  trim  weights. 

Support  Structures 

The  cargo  deck  structure  consists  essentially  of  two  longitudinal  trusses 
and  a  transverse  truss.  Deck  gratings  are  provided  as  a  means  for  securing  cargo. 
Battery  supports  are  provided  between  the  two  larger  transverse  tubes,  and 
battery  covers  reduce  the  hydrodynamic  drag  of  the  vehicle. 

The  bow  structure  supports  the  sheet  metal  fairings  as  well  as  protects 
the  divers  in  the  event  of  a  collision.  Sheet  metal  fair  'ngs  under  the  cargo 
deck  reduce  hydrodynamic  drag. 
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A  transparent  water  shield  installed  at  the  forward  end  of  the  cockpit 
protects  the  divers  from  water  impinging  directly  upon  them. 

Auxiliary  Ballast  System 

The  auxiliary  bnllast  system  {Figure  6)  provides  a  means  for  adjusting 
buoyancy  of  the  vehicle  to  compensate  for  cargo.  In  addition,  the  system  is 
used  for  correcting  port  and  starboard  trim  of  the  vehicle.  The  6-foot-long 
tanks  are  an  integrai  part  of  the  main  hull  longitudinal  tubes  and  are  located 
approximately  abeam  of  the  center  of  the  cargo  deck.  With  no  cargo  on  the 
vehicle,  the  tanks  are  designed  to  carry  approximately  2,000  pounds  of  sea¬ 
water  (approximately  3/4  full}. 

The  fill  and  transfer  system  for  the  auxiliary  ballast  tank  compensates 
for  loads  removed  or  added  to  the  vehicle;  this  is  essentially  a  hard  ballast 
system.  Water  is  pumped  to  and  from  the  sea  and  between  the  tanks  by  a 
hydraulically  driven  water  pump. 

Manifold  valves  for  selecting  the  direction  of  water  flow  are  located 
in  the  cockpit  within  easy  reach  of  the  diver -operator.  Pressure  gages,  cali¬ 
brated  in  pounds  of  seawater,  are  located  in  the  cockpit.  Since  this  is  a 
closed-ballast  system,  pressure  in  the  tanks  varies  as  a  function  of  the  amount 
of  water  in  the  tanks  (that  is.  if  the  tanks  are  empty,  then  the  gages  are  at 
atmospheric  pressure  or  zero  pounds  of  water).  In  addition,  site  gages  are 
located  on  the  outboard  side  of  the  tanks  for  monitoring  the  amount  of 
water  in  the  tanks.  To  change  the  water  ballast,  the  operator  selects  the 
correct  flow  path  via  tne  manifold  valves  and  activates  the  water  pump. 
Provision  is  also  made  for  blowing  water  from  the  tanks  with  the  vehicle's 
compressed  air  system. 

Compressed  Air  System 

A  schematic  of  the  vehicle's  compressed  air  system  is  shown  in 
Figure  7.  The  air  system  supplies  air  for  blowing  and  venting  the  main 
ballast  tanks,  for  blowing  the  auxiliary  ballast  tanks,  and  for  maintaining 
diver  life  support.  The  system  powers  a  pneumatic  motor  for  operating 
the  trim  weights.  In  addition,  the  compressed  air  can  be  used  for  powering 
the  pneumatic  tools.  The  five  220-ft3  high-pressure  bottles  are  located 
below  the  cargo  deck  grating. 

Electro-Hydraulic  Power  System 

The  CAV  utilizes  an  electro-hydraulic  system  to  provide  the  driving 
force  for  a  number  of  the  vehicle’s  dynamic  components,  in  this  system, 
electrical  energy  is  converted  to  fluid  power  (oil  under  pressure),  then 
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converted  to  mechanical  power  to  drive  ti te  vessel's  propellers  and  pumps. 
The  efficiency  of  the  system  approximately  30%;  the  estimated  efficiency 
of  each  component  is  shown  in  Figure  8. 

Figure  9  shows  a  simplified  diagram  of  the  power  systems  in  the 
vehicle.  The  port  and  starboard  systems  are  independent;  provision  has 
been  made  for  cross  connecting  the  hydraulic  systems  in  the  event  of  a 
failure  in  either  system. 


Figure  6.  Schematic  of  auxiliary  ballast  system. 


15 


port 

port 

mam 

auxiliary 

Lallan 

ballast 

ur.k 

main 

tank 

auxiliary 
ballast 
lank  blow  f 


air  d  urging 
connection 

x  r 


special 

air 

bieathtng 

valves 


five  220-ft3 
aw  cylinders 
with  cylinder 
valves  i2.2SG  ps*) 


rruir  ballast 
tank  blow 


pressure  regulator 
12.200  psi^OeOpsi) 


starboard 

main 

ballast 

tank 


starboard 

auxiliary 

tallest 

tank 


Figure  7.  Schematic  of  compressed  air  svs’.em. 
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Efficiencies- 


Figure  8.  The  efficiency  and  horsepower  available  through  each  component 
in  the  electro-hydraulic  power  system. 


The  primary  source  of  power  consists  of  two  independent  30-cell, 
oil-filled,  pressure-compensated,  lead-acid  batteries  (Figure  10).  Each 
battery  pack  provides  60  VDC.  18.5  kw-hr  at  77°F  based  on  a  4-hour  dis¬ 
charge  rate.  The  battery  containers,  fabricated  from  a  1 /8-inch-thick 


aluminum  plate,  are  equipped  w*th  venting  connections  and  relief  valves  for 
eliminating  hydrogen  from  the  containers.  Pressure  compensation  is  accom¬ 
plished  with  an  oil-filled  bladder  exposed  to  ambient  pressure. 

Two  60-volt,  6-hp,  1,850-rpm,  100-amp,  compound-wound  DC 
motors  are  directly  connected  to  the  hydraulic  pumps  and  are  housed  in 
separate,  dry,  pressure-compensated  containers  {Figure  11).  An  electrical 
circuit  breaker  is  housed  in  each  container.  Connection  between  the  battery 
boxes  and  the  motor  pump  containers  is  made  via  eiectrical  cables  equipped 
with  dry  underwater  connectors. 
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Figure  9.  Block  diagram  of  CAV  power  train. 


W««‘.%;  -4-i 


Figure  12  shows  a  schematic  of  the  hydraulic  system.  Oil  flow  is 
generated  by  the  pumps,  which  are  directly  coupled  to  the  electric  motors. 
The  pumps  are  variable  volume,  axial  piston  with  manual  controls  and  are 
rated  at  6  gpm  at  1,200  psi.  Flow  control  is  achieved  by  manually  adjusting 
the  piston  displacement  by  means  of  a  movable  swash  plate.  The  four  pro¬ 
pulsion  motors  are  reversible  and  of  the  positive-displacement  gear  type. 
Each  motor  has  a  rating  of  6  gpm  at  1,200  psi,  429  rpm  and  delivers 
approximately  2.4  hp  to  each  propeller.  The  ballast  pump  motors  are 
internal  gear,  2.5  gpm  at  1 ,200  psi,  positive-displacement  types. 


juxili<?y  ballast 
purtp  motor 


auxili  jy 
ballast 
pump 

auxiliary  propulsion 

V  J  motor  (6  gpm) 
mam  propulsion  r — 1 


auxiliary  propulsion 
motor  (6  gpm) 


.motor  (6 gpm) 


12  5  gpm) 


shutoff 
valves, 
normally  ^ 
open 


•ool  HH 

connections 


MF — Hydraulic  Motor.  Fixed  Displacement 
PF — Hydraulic  Pump.  Fixed  Displacement 
PU — Hydraulic  Pump.  Variable  Displacement 
M — Electric  Motor 


Figure  12.  Schematic  of  CAV  hydraulic  system 
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The  hydraulic  system  is  reversible.  Two  pressure  reducing  valves 
isolate  the  iow-pressure  side  of  the  system  regardless  of  flow  direction.  The 
accumulator  serves  as  a  pressure  reservoir  that  maintains  fluid  in  the  systems 
to  compensate  for  leakage  and  pressure  variations. 

Pressure  Compensation  System 

The  CAV  hydraulic  system  was  pressure-compensated  in  order  to 
preclude  seawater  intrusion.  A  pressure  of  from  2  to  4  psi  above  ambient  is 
maintained  in  the  low  pressure  portion  of  the  hydraulic  system,  the  motor/ 
pump  containers,  and  the  propulsion  motor  housings. 

The  compensation  system  (Figure  13)  is  a  simple  regulator— relief 
valve  arrangement.  A  standard  71 ,2-ft3  scuba  bottle,  located  on  the  star¬ 
board  side  of  the  cockpit,  supplies  nitrogen  to  a  modified  double  hose 
scuba  regulator.  The  regulator  supplies  sufficient  nitrogen  to  the  compen¬ 
sated  areas  to  maintain  at  least  a  2-psi  overpressure.  The  two  pop-off  relief 
valves  open  when  the  internal  pressure  exceeds  ambient  by  4  psi.  To  avoid 
possible  explosion  from  arcing  electric  motors  and  switches  in  an  atmosphere 
with  a  high  oxygen  partial  pressure,  nitrogen  was  used  as  the  pressure- 
compensating  gas. 

Mechanical  Systems 

Mechanical  linkage  (Figure  14)  and  gear  boxes  enable  the  operators 
to  rotate  the  main  propulsion  motors  through  a  190-degree  arc;  thus  the 
operator  can  adjust  the  thrust  Direction  of  the  units,  theieby  controlling 
ascent  and  descent  of  the  vehicle.  The  main  propulsion  motors  are  inclined 
at  a  30-degree  angle  to  keep  the  prop  wash  from  impinging  on  the  main  hull 
structure  and,  at  the  same  time,  to  keep  the  Kort  nozzles  within  the  beam 
dimension  in  order  »o  minimize  damage  to  other  structures. 

The  main  propulsion  motors  are  housed  in  pressure-compensated 
containers  mounted  on  the  outboard  end  of  the  inclined,  rotating  support 
shafts.  They  drive  counter-rotating,  20-inch-diameter,  15-inch-pitch  pro¬ 
pellers  (clipped  from  24  inches)  mounted  in  cast  aluminum  Kort  nozzles. 

The  auxiliary  propulsion  motors  are  similar  to  the  main  propulsion 
motors,  except  that  they  do  not  swivel.  Since  the  auxiliary  propulsion 
system  was  designed  for  surface  use,  vertical  thrust  was  net  required.  Pro¬ 
peller  guards  protect  the  divers. 
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hydraulic  accumulator 
(low  portion  of  hydr*u!<  system) 


Figure  13.  Schematic  of  pressure  con.,jer.sation  system. 


Fore  and  aft  trim  correction  is  accomplished  by  moving  two  300-pound 
weight  assemblies  that  are  housed  inside  an  6-inch-diameter  steel  pipe  located 
at  the  bottom  of  the  main  ballast  tanks.  Mechanical  linkages  connect  lhe 
assemblies  to  the  cockpit.  The  civer— operator  controls  the  position  of  the 
weights  with  a  reversible  pneumatic  drill  motor.  A  cockpit  indicator  shows 
the  operator  the  relative  position  of  the  assemblies. 

Eacn  trim  weight  assembly  {Figure  15;  consists  of  three  7-incn-long, 
6-inch-diameter,  iead-filled  pipes  and  four  3-wheeted  caster  units.  The  assem¬ 
blies  can  be  moved  from  5  feet  forward  to  5  feet  aft  of  tne  vehicle's  center  of 
gravity. 

Control  and  Instrumentation  Arrangement 

The  controls  and  instrumentation,  shown  in  Figure  16.  have  been 
placed  in  easy  reach  and  view  of  the  diver — operator.  The  position  and 
configuration  of  each  control  and  instrument  was  determined  from  an 
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extensive  human  factors  study.  Operational  controls  consist  of-  (1 )  pert 
and  starboard  electric  motor  control  switches,  (2)  port  and  starboard  hydrau¬ 
lic  flow  control,  (3)  main  propulsion  thrust  direction  conti ol.  (4)  hydraulic 
selector  controls,  (5)  trim  weight  position  control,  (6!  mein  and  auxiliary 
ballast  blow  and  vent  valves,  and  (7)  auxiliary  ballast  manifold  valves. 

With  the  exception  of  the  main  and  auxiliary  ballast  tank  blow  vent, 
and  manifold  valves,  all  of  the  vehicle's  operational  controls  are  mechanically 
linked  to  their  respective  functions  throughout  the  vehicle.  A  detailed 
description  of  the  vehicle  controls,  their  locations,  types,  and  functions 
is  contained  in  Table  2. 

The  vehicle  instrumentation.  Table  3,  has  been  kept  simp'e.  There 
are  pressure  gages  for  monitoring:  (1)  thrust  level  of  the  port  and  starboard 
propellers,  (2)  weight  of  seawater  in  port  and  starboard  auxiliary  ballast 
tanks,  (3)  amount  of  air  in  storage  tanks,  (4)  wate«-  depth  at  cockpit  level, 
and  (5)  amount  of  pressure-compensating  gas.  In  addition  to  the  gages,  there 
are  indicators  for  determining  (1)  the  relative  position  of  the  trim  weights. 

(2)  the  direction  of  thrust  of  the  main  propulsion  motors,  (3)  the  roil  ang.e 
of  the  vehicle,  and  (4)  the  pitch  angle  of  the  vehicle. 


a 


VV 
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Figure  IE.  One  of  the  trim  weight  as^mblies. 
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TEST  AND  EVALUATION  PROCEDURES 
General 

Hydrostatic  pressure  and  functional  tests  were  performed  on  the 
vehicle  hull  structure  and  system  components  at  the  manufacturers.  Upon 
shipment  to  NCEL,  the  vehicle  was  tested  to  determine  conformance  with 
the  fabrication  and  design  specifications.  These  acceptance  tests  included 
systems  operation  to  a  120-foot  depth.  Following  the  acceptance  tests,  sev¬ 
eral  sets  of  operational  tests  were  performed  to  determine  both  the  vehicle's 
operational  characteristics  and  utility. 

During  the  course  of  the  test  series,  modifications  were  made  to  the 
vehicle.  The  guidelines  for  these  modifications  were  as  follows:  (1 )  insure 
safety  of  operators  at  ail  times,  (2)  improve  operator  control,  (3)  increase 
system  reliability,  and  (4)  increase  vehicle  load-carrying  capability.  The 
majoi  modifications  performed  are  contained  in  Table  4. 

Test  Conditions 


Operational  tests  were  conducted  in  Port  Hueneme  Harbor  and  at  a 
protected  shallow  water  site  at  Anacapa  Island.*  The  support  platform  was 
a  50  x  120-foot  warping  tug  equipped  with  a  crane  for  over-the-side  handling. 
The  operational  conditions  at  each  site  are  summarized  in  Table  5. 

Prior  to  the  commencement  of  operational  tests,  a  comprehensive 
hazards  analysis  was  performed  on  the  vehicle  and  its  components.  The 
results  of  the  hazards  analysis  were  in  the  form  of  procedures,  precautions, 
and  modifications  to  the  vehicle;  a  copy  of  the  analysis  is  contained  in  the 
Appendix. 

A  detailed  dive  plan  was  prepared  prior  to  each  underwater  operation. 
The  CAV  diver— operators  were  thoroughly  briefed  on  the  operation  before 
leaving  the  support  ship.  Because  of  poor  visibility  at  each  of  the  operational 
sites,  direct  observation  of  the  submerged  vehicle  was  not  possible.  Therefore, 
data  on  vehicle  performance  was  obtained  by  debriefing  the  diver— operators 
following  the  dive. 

Operational  orocedures  included  the  following:  (1)  pre-dive  check  list 
to  insure  all  vehicle  structural  and  operational  components  were  in  safe  oper¬ 
ational  condition  prior  to  vehicle  launching,  (2)  operational  guidelines  to 
insure  maximum  safety  of  personnel  during  vehicle  launch  and  recovery, 

(3)  pre-submergence  check  of  life  support  air  and  pressure-compensating  gas 
to  insure  a  sufficient  supply  was  available  for  the  mission,  and  (4}  simplified 
and  detailed  mission  procedures  were  established  prior  to  each  operation, 
including  extensive  diver— operator  briefing. 


*  One  of  the  Santa  Barbara  Channel  Islands  located  off  Southern  California. 
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Table  4.  Summary  of  Major  Vehicle  Modifications 


System/  Component 


Problem 


Modification 


No  practical  means  was  available 
for  operators  to  determine  thrust 
angle  of  main  propellers 


Install  thrust  direction  indicator  in 
operator's  visual  range 


Main  propulsion  thrust 
direction  system 


Main  propulsion  rotating  shafts 
were  not  counterbalanced:  thus, 
operator  force  required  for 
changing  direction  of  thrust  was 
excessive,  and  units  would  freely 
rotate  out  of  set  position 


•  Increase  diameter  of  operator  control 
wheels 

•  Change  mechanical  gear  ratio  from  5:1 
to  10:1 

•  Install  operator-controlled  locking 
mechanism 


Operational  characteristics  of 
vehicle  required  constant  oper¬ 
ator  trim  changes  during  flight. 
Operator  response  using  hand- 
operated  system  was  insufficient 
to  keep  ahead  of  trim  changes 


•  Install  pneumatic  drill  motor  in  place  of 
hand-operated  wheel 

•  Change  gear  ratio  from  10:1  to  30:1 


Trim  weight  system 


Operators  could  not  see  trim 
weight  indicator  provided  on 
vehicle 


•  Install  position  indicator  in  operator's 
visual  range 


Original  caster  wheels  on  trim 
weight  assembly  broke  when 
they  came  in  contact  with  small 
obstructions;  thus,  trim  weights 
jammed  and  became  inoperable 

Operators  could  not  determine 
thrust  level  output  of  pumps  or 
performance  of  port  and  star¬ 
board  propellers 


Change  from  hard  rubber  casters  to 
softer  rubber  wheels 


•  Install  hydraulic  pressure  gages — thrust 
level  indicators — in  operator's  visual 
range 


Hydraulic 


Piston  accumulators  supplied  with 
vehicle  to  provide  a  positive  head 
to  suction  side  of  hydraulic  pumps 
were  ineffective  at  low  pressure 
range:  thus,  pumps  would  cavitate 


•  Replace  piston  accumulators  with  bladder- 
type  accumulators 


Electric  motors 


Binding  of  hydraulic  lines  to  main 
motors  would  occur  when  units 
were  rotated,  thus  increasing  diver 
actuation  force 

Minor  hydraulic  oil  leakage  on 
motor  windings  caused  deteri¬ 
oration  of  shellac  coatings:  thus, 
ground  faults  were  detected  in 
electrical  system 


•  Add  hydraulic  swivel  connectors 


•  Clean  motor  windings  nd  recoat  with 
epoxy  varnish 


continued 
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System/Component 


Batteries 


Pressure  compensation 
system 


Motor  pump  containers 


Main  ballast  tanks 


Electric  motor  and 
hydraulic  pump 
controls 


Operator  seats 


Seatbelts 


Table  4.  Continued 


Problem 


No  method  was  available  for 
monitoring  the  performance  of 
electrical  system  during  pre-dive 
procedures 


Bladder  containers  originally 
supplied  were  excessive  in  size 
and  weight  and  were  not  provided 
with  a  method  for  visually  check¬ 
ing  condition  prior  to  dive 


Regulator  supplied  with  vehicle  did 
not  provide  adequate  flow  foi  com¬ 
pensation:  thus,  a  potential  water 
intrusion  problem  existed 


Original  intent  was  to  compensate 
using  air;  high  partial  pressure  of 
oxygen  presented  ootential  explo¬ 
sion  hazard  with  arcing  motors 
and  switches 


Main  mechanical  penetrrtor  seals 
leaked  excessively 


Operators  encountered  difficulty 
in  completely  venting  tanks  because 
of  piping  arrangement;  air  bubble 
remaining  in  tanks  caused  trim  and 
buoyancy  control  problems 


Vehicle  was  supplied  with  a  single 
lever  for  operating  each  electric 
motor  and  hydraulic  pump;  system 
was  unreliable  because  of  excessive 
linkage  clearances 


Original  seats  were  uncomfortable 
for  effective  diver  use 


Diver  actuation  of  vehicle  controls 
was  difficult  because  of  neutral 
buoyancy  of  diver 


Modification 


•  Install  ammeter  shunt  on  each  battery 
with  external  wet  underwater  connector 


•  Replace  aluminum  containers  with  lighter 
weight  clear  acrylic  containers 


•  Modify  demand  regulator  and  plumbing 
to  provide  sufficient  flow  fer  *ull  com¬ 
pensation  at  normal  descent/ascent  rates 


•  Change  from  air  to  nitrogen  as  compensa¬ 
tion  gas 


•  Change  from  cable  penetrators  to  O-ring 
sealed  solid  shafts 


•  Move  vent  openings  to  forward  and  aft 
end  of  tanks  and  increase  piping  size 
to  reduce  line  restriction 


Change  to  independent  levers  for  pump 
end  motor  with  a  mechanical  interlock 
to  prevent  starting  of  electric  motors 
under  load 


•  Install  adjustable  seats  with  scuba  tanc 
supports  and  back  rests 


•  I nstall  seat  belts  to  enable  divers  tc 
stay  in  place  while  operating  cor.truls 
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Table  5.  Operaiional  Conditions  at  Test  Sites 


All  CAV  operational  tests  were  performed  under  rigid  safety  guidelines. 
Operations  were  terminated  when  either  operational  conditions  or  vehicle  per¬ 
formance  indicated  possibility  of  personnel  hazards.  The  majority  of  the  vehicle 
tests  were  performed  in  a  free,  untethered  mode.  The  test  sequence  included: 

(1)  vehicle  operational  characteristics,  (2)  mission  performance,  and  (3)  inter¬ 
face  testing  with  other  closely  related  underwater  tools  and  systems. 

The  determination  of  operational  characteristics  was  performed  in 
conjunction  with  diver  -operator  training.  Surface,  submerged,  and  interface 
stability  tests  were  performed  initially.  These  tests  were  performed  with  the 
CAV  tethered  to  the  support  ship  until  confidence  was  gained  and  the  proce¬ 
dures  became  routine. 

Once  it  was  determined  that  the  vehicle  was  operationally  stable  and 
controllable,  mission  performance  testing  was  conducted.  Cargo  was  carried  to 
and  from  underwater  work  sites,  tools  were  operated  from  the  vehicle,  and 
minor  construction  tasks,  such  as  assembly  of  split  pipe,  were  performed. 

TEST  RESULTS 

The  surface  and  submerged  characteristics  of  the  CAV  are  discussed 
below  for  both  the  static  case  (where  the  vehicle  is  not  under  power)  and  for 
the  dynamic  case  (where  the  vehicle  is  being  propelled).  In  addition,  the  per¬ 
formance  of  the  vehicle  during  the  transition  from  the  surface  condition  to 
the  submerged  condition  (interface  translation)  is  discussed.  The  majority  of 
the  vehicle  components  functioned  without  major  failure.  Results  of  tests  on 
major  vehicle  components  are  summarized  in  Table  6. 
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Table  6.  Results  of  Performance  of  Systems  and  Components 
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Table  6.  Continued 
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The  norma!  surface  condition  of  the  vehicle  is  with  approximately 
5,000  pounds  of  net  buoyancy,  which  is  carried  in  the  main  ballast  tanks. 

When  submerged,  the  main  ballast  tanks  are  completely  flooded,  and  the 
vehicle  becomes  neutrally  buoyant.  In  the  neutral  buoyancy  condition, 
approximately  1,300  pounds  of  ballast  is  carried  as  either  water  in  the  aux¬ 
iliary  ballast  tanks  or  as  wet  weight  cargo.  Any  combination  of  water  and 
cargo  that  totals  1 ,300  pounds  can  also  be  carried.  This  ballast  is  normally 
carried  during  surface  operation  of  the  vehicle. 

Handling 

A  three-pomt  sling  lifted  the  CAV  from  the  water  to  the  surface 
support  ship.  Numerous  drain  holes  were  provided  on  the  bottom  fairings 
to  insuie  rapid  water  drainage  while  the  CAV  was  being  lifted.  Normally, 
the  CAV  was  lifted  with  the  main  bsilast  tanks  dry  {20,000  pounds).  How¬ 
ever,  one  test  was  performed  in  3-  to  4-foot  seas  with  the  tanks  flooded.  A 
dynamometer  attached  to  the  lifting  siing  indicated  that  a  maximum  dynamic 
load  of  29,000  pounds  was  attained. 

Surface  Stability 

Static.  The  CAV  was  stable-  on  the  surface.  The  vehicle  responded 
slowly  to  unbalancing  forces  from  surface  swells.  On  one  occasion  pitch 
angles  of  up  to  2  degrees  and  roll  angles  of  5  degrees  were  experienced  in 
3-  to  4-foot  seas. 

As  the  vehicle  experienced  various  pitch  angles,  some  air  W3S  spilled 
from  the  open  w ;  at  the  bottom  of  the  main  ballast  tanks.  This  air  spillage 
reduced  the  ne*  :acs  buoyancy  of  the  vehicle  but  was  not  significant  in 
normal  operation. 

For  small  pitch  and  roll  angles  the  CAV  was  found  to  have  a  metacentric 
height  of  7.5  feet  longitudinally  and  approximately  3  feet  transversely.  These 
values  take  into  account  the  gas  spillage  for  angles  up  to  5  degrees  and  the  free 
surface  effect  produced  by  the  auxiliary  tanks  for  the  same  angles.  If  an  upset¬ 
ting  moment  of  approximately  20.000  f t-lb  in  pitch  was  experienced,  considerable 
air  would  spill  from  the  main  ballast  tanks.  For  example,  if  an  upsetting  moment 
was  produced  by  adding  a  2,500-pound  point  load  to  the  center  of  the  cargo  deck 
of  the  trimmed  CAV  prior  to  submergence,  the  angle  produced  would  be  suffi¬ 
cient  to  cause  stability  problems.  However,  upsetting  moments  of  this  magnitude 
would  not  be  experienced  during  normal  vehicle  operations. 
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Dynamic.  The  CAV  was  stable  while  surface  translating.  Because  of 
the  low  vehicle  freeboard,  some  operator  discomfort  was  experienced  when 
water  broke  over  the  water  shield.  As  a  result,  stern-to-the-sea  translation 
was  preferred  by  the  operators. 

The  surface  hydrodynamic  characteristics  of  the  vehicle  resulted  in 
a  bow  burying  tendency,  as  shown  in  Figure  17.  This  condition  was  most 
predominant  when  traveling  at  the  maximum  surface  speed  of  2.8  knots. 
Although  the  bow  wave  limited  the  vehicle's  maximum  speed,  the  speed 
attained  was  sufficient  for  the  intended  operations. 

Surface  maneuverability  was  found  to  be  very  good.  The  operators 
turned  the  vehicle  in  place  at  rates  up  to  180  deo/min.  Turning  while  under 
way,  although  good,  was  very  gradual.  The  turning  radius  approached  zero 
as  the  forward  speed  approached  zero.  The  stopping  distance  at  maximum 
speed  was  found  to  be  approximately  40  feet. 


Figure  17.  Bow  wave  formed  by  CAV  at  a  2-knot  forward  speed. 


Interface  Translation 

The  CAV  was  stable  during  submergence,  even  though  the  center  of 
buoyancy  moved  from  below  the  center  of  gravity  to  above  the  center  of 
gravity.  The  reason  for  this  stability  is  that  the  vehicle  has  adequate  freeboard 
(buoyancy)  when  the  center  of  buoyancy  and  the  center  of  gravity  coincide. 
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Thus,  if  an  upsetting  moment  is  encountered  at  this  point,  the  center  of 
buoyancy  shifts  to  produce  a  righting  moment.  After  the  CAV  was  sub¬ 
merged,  it  rode  under  the  surface  quite  weii.  The  weight  of  the  main 
propulsion  units  drove  the  CAV  cockpit  2  to  3  feet  below  the  trough  of 
surface  waves  (3  to  4  feet  in  height),  thus  keeping  the  operators  out  of 
surface  wave  action. 

Horizontal  translation  tests  were  made  with  the  CAV  neutral  and 
the  Koit  nozzles  awash.  Slow  ahead  on  the  auxiliary  propulsion  system 
(lower  propellers)  caused  the  CAV  to  pitch  up  slightly  and  ride  with  the 
water  shield  awash.  Going  ahead  on  the  main  propulsion  system  (upper 
propellers)  with  the  Kort  nozzles  horizontal  caused  the  bow  to  pitch  down. 

The  operators  can  surface  the  vehicle  by  driving  up  with  the  main 
propulsion  units  vertical  (for  example,  like  a  helicopter),  or  they  can  also 
surface  with  the  main  propulsion  units  horizontal  (or  with  the  auxiliary 
propulsion  units)  by  attaining  a  trim-up  angle.  In  any  case,  blowing  the 
main  ballast  tank  is  initiated  just  before  the  boat  breaks  the  surface.  The 
CAV  was  found  to  be  very  stable  during  all  forms  of  surfacing.  Additional 
surfacing  tests  were  performed  by  blowing  the  mam  ballast  at  20-foot  depths. 
The  vehicle  surfaced  with  either  a  bow-up  or  bow-down  angle  of  approxi¬ 
mately  20  degrees,  but  it  was  stable  in  all  cases. 

The  most  desirable  method  of  surfacing  was  driving  up  on  the  main 
propulsion  system.  In  this  mode,  the  operator  had  the  most  control  over 
stopping  his  ascent,  in  case  he  should  find  himself  coming  up  under  a  surface 
vessel. 

Submerged  Stability 

Static.  The  primary  measure  cf  submerged  stability  is  the  distance 
between  the  center  of  gravity  and  the  center  of  buoyancy,  called  BG.  For 
the  CAV,  this  value  was  experimentally  determined  to  be  5.5  inches.  How¬ 
ever.  this  value  was  reduced  to  an  effective  vaiue  of  2.1  inches  (in  pitch) 
because  of  the  free  surface  effect.  The  auxiliary  baiiast  tanks  produce  a 
free  surface  effect.  When  less  than  a  fu’.i  lead  of  cargo  is  carried,  these  tanks 
are  partially  full  of  water.  Because  of  the  6-foot-length  of  each  tank,  free 
liquid  surface-induced  moments  of  approximately  1,00C  ft-lb  can  be  experi¬ 
enced  for  10-degree  angles.  Figure  18  illustrates  the  CAV's  righting  moment 
as  a  function  of  angle  for  the  case  with  the  free  surface  effect  (water  in  the 
auxiliary  ballast  tanks)  and  for  the  case  without  the  free  surface  cTfsct. 

While  the  vehicle  was  submerged,  the  free  surface  had  the  apparent 
effect  of  reducing  the  BG  to  2.1  inches,  s  62%  reduction.  As  a  result,  pitch 
control  was  more  difficult. 
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Figure  18.  CAV  submerged  righting  moments  as  a  function  of  vehicle  pitch  angle. 

Dynamic.  The  CAV  can  be  driven  vertically  in  the  water  column 
by  powering  straight  up  or  straight  down  on  the  main  propulsion  units.  A 
vertical  thrust  of  approximately  300  pounds  is  available.  Maximum  vertical 
speeds  were  found  to  be  about  60  ft/min  (the  CAV  neutrally  buoyant).  The 
resultant  vertical  center  of  drag  was  ahead  of  the  main  propellers,  which  caused 
a  bow-up  angle  hile  driving  down  and  a  bow-down  angle  while  driving  up. 
Pitch  angles  of  „  .out  8  degrees  were  encountered  when  full  power  was  used 
to  descend/ascend.  The  vertical  stopping  distance  was  found  to  be  8  feet. 

Maintaining  a  specific  depth  in  the  water  column  (hovering)  was 
relatively  easy.  With  the  CAV  properly  ballasted,  very  little  control  was 
required  to  stay  within  1  to  2  feet  of  depth. 

Submerged  horizontal  translation  can  be  accomplished  with  either 
main  or  auxiliary  propulsion  systems.  The  boat  was  designed  to  be  normally 
operated  using  the  main  propulsion  units  while  underwater.  Since  the  main 
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propulsion  units  are  located  above  the  main  structure,  a  pitch  down  would 
be  expected  during  forward  translation;  this  did  occur  when  thrust  was 
initially  applied.  However,  as  the  boat  gained  forward  way,  a  slight  pitch 
up  tendency  wai  produced.  The  pitch  up  is  due  to  a  hydrodynamic  planing 
effect.  If  the  CAV  is  started  from  a  level  trim  submerged,  it  will  initially 
pitch  down  between  5  and  10  degrees  (depending  on  the  power  setting)  and 
then  pitch  up  from  2  to  8  degrees.  Then  it  will  pitch  back  to  a  stable  bcw-up 
angle  of  anywhere  from  level  to  several  degrees  (depending  on  cargo  drag, 
primarily). 

If  the  operator  does  not  correct  trim  during  forward  translation,  the 
CAV  will  oscillate  within  approximately  a  20-foot-depth  range.  With  trim 
weight  corrections  he  can  maintain  trim  within  several  degrees  and  easily 
maintain  depth  to  ±5  feet  (±2-1/2  feet  during  acceleration  to  one-half  power). 
Slight  trim  corrections  (trim  weight  displacements)  are  occasionally  required 
for  depth  control  and  must  be  anticipated  after  speed  changes  or  steering 
corrections. 

The  original  concept  was  to  control  the  vehicle  depth  by  regulating 
the  direction  of  thrust  of  the  mains.  A  half-speed  run  was  made  using  this 
technique,  starting  from  a  level  trim  submerged.  When  the  vehicle  stabilized, 
a  trim  of  10  degrees  up  was  encountered  with  the  mains  pointed  55  degrees 
down.  Depth  control  during  forward  translation  was  found  to  be  more 
effective  using  the  trim  weights. 

The  CAV  was  found  to  be  stable  in  yaw  submerged  and  required  no 
more  steering  correction  than  most  30-foot  surface  craft.  The  thrust  level 
indicators  facilitated  power  settings  for  straight  flight  or  gradual  turns.  The 
CAV  operators  were  able  to  turn  the  vehicle  in  place  quite  readily  while 
submerged.  Roll  angles  of  2  to  3  degrees  and  pitch  angles  of  about  10  degrees 
were  experienced  during  turns  in  place. 

The  auxiliary  propulsion  units  can  be  used  for  underwater  translation 
too.  However,  the  auxiliaries  are  not  as  efficient,  because  they  are  located 
behind  the  main  ballast  tank  structure  that  produces  turbulent  flow  into  the 
propellers.  Submerged  propulsion  via  the  auxiliaries  causes  more  of  a  ten¬ 
dency  to  pitch  up  than  the  mains.  Therefore,  a  greater  trim  weight  correction 
is  required  to  maintain  pitch  and  depth.  Translation  with  the  auxiliaries  is 
similar  to  that  with  the  mains. 

Operational  and  Mission  Performance 

Operational  tests  were  performed  to  determine  the  utility  of  a  CAV- 
type  vehicle  for  supporting  diver  construction  tasks.  The  specific  tests  and 
results  are  summarized  in  Table  7. 
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Table  7.  Operational  Tests 


Test 

Procedure 

Results 

Towing  test 

Vehicle  was  towed  in  open  sea 
using  a  40-foot  utility  boat;  3- 
to  4-foot  seas,  1-  to  5-knot 
winds 

Vehicle  towed  well  at  speeds  up 
to  5  knots.  At  greater  speeds, 
water  taken  over  the  bow  could 
damage  vehicle  components 

•n  water 
replenishment 

Vehicle  was  operated  for  two 
days  without  removing  it 
from  water 

Electricai  connectors  became 
contaminated  with  seawater, 
causing  grounding  problems 
and  potential  shock  hazards 

Bottom 

maneuvering 

The  CAV  was  maneuvered 
with  the  landing  skegs  in 
contact  with  seafloor 

No  appreciable  problems  were 
encountered:  very  effective  in 
areas  where  there  are  no  bot¬ 
tom  obstructions 

Limited  visibility 
site  location 

Operators  utilized  a  visual 
reference  lino  attached  to 
work  site  and  surface  buoy 
to  locate  bottom  site  in 
poor  visibility  water 

Technique  very  effective  for 
site  location  without  naviga¬ 
tional  aids 

Surf  zone 
translation 

Vehicle  was  surface  translated 
through  mild  surf  (0  to  2  feet) 
in  a  protected  harbor  to  deter¬ 
mine  operator  control  capabilities. 
Vehicle  was  beached  on  for-,  ard 
end  of  landing  skegs  and  recovered 
under  own  power. 

During  test,  port  hydraulic 
system  failed  due  to  broken 
mechanical  linkage.  Operators 
were  able  to  perform  beaching 
and  r'-covery;  however,  steer¬ 
ing  control  was  extremely 
difficult  because  of  failure 

Operation  of 
hydraulic  tools 
at  seafloor 
construction 
site 

Several  hydraulic  tools  were 
operated  from  vehicle  power 
source;  tools  included:  0) 
impact  wrench;  (2)  winch; 

(3)  rock  drili;  (4)  cable  cutter 

The  CAV  power  source  provided 
sufficient  power  to  operate  most 
commercially  available  tools:  the 
vehicle  as  a  movable  power  source 
was  proven  to  be  very  effective 

Load  handling 
from  cargo  bed 

70-pound  sections  of  split  pipe 
were  loaded  and  unloaded  at  an 
underwater  site 

No  problems  were  encountered 
with  hanuiing  cargo.  The  cargo 
bed  was  found  to  be  very  effec¬ 
tive  for  diver  use 

Transport 

divers 

Divers  were  transported  from  the 
support  craft  to  the  underwater 
construction  site 

Divers  need  some  protection 
from  direct  prop  wash 
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Seabee  underwater  construction  teams  are  posently  involved  in  the 
underwater  installation  of  cast  iron  split  pipe.  The  pipe  is  used  to  protect 
oceanographic  cables  from  chaffing  on  ocean  bottom  coral  and  rock.  Each 
split  pipe  section  has  an  underwater  weight  of  approximately  70  pounds. 

The  diver's  task  is  to  move,  position,  and  assemble  the  pipe  over  the  sub¬ 
merged  cade.  Standard  5/8-inch  bolts  are  used  to  connect  the  pipe  section 
together.  In  addition,  the  split  pipe  sections  are  sometimes  anchored  to  the 
ocean  bottom  by  drilling  and  grouting  U-bolts  in  the  seafloor  rock. 

On  two  occasions,  sections  of  pipe  were  carried  to  a  predetermined 
underwater  site  by  the  CAV.  The  pipe  was  unloaded  by  the  vehicle  opera¬ 
tors,  and  the  empty  vehicle  was  returned  to  the  surface  to  simulate  picking 
up  another  load  of  cargo.  In  addition,  the  operators  returned  to  the  work 
site,  loaded  split  pipe  onto  the  vehicle,  and  returned  to  the  support  ship. 

The  operation  involved:  (1)  locating  the  ocean  bottom  work  site 
in  less  than  5-foot  visibility,  (2)  changing  vehicle  buoyancy  to  accommodate 
cargo  removal  and  addition,  and  (3)  physically  removing,  adding,  and  securing 
cargo  to  the  cargo  deck. 

Because  of  limited  visibility  at  the  site  (40-foot  depth)  a  buoy  descend¬ 
ing  line  was  used  for  reference  by  the  vehicle  operators.  Once  on  the  bottom, 
a  third  diver  directed  the  CAV  operator  in  maneuvering  the  vehicle  sc  that  the 
cargo  bed  was  at  the  required  location.  This  was  readily  accomplished  within 
a  2-ft2  area. 

The  CAV  was  ballasted  prior  to  the  removal  of  the  cargo  and  debal- 
lasted  fo'lowing  cargo  addition.  Because  of  the  slow  response  of  the  vehicle 
to  buoyancy  changes,  the  addition  and  removal  of  ballast  was  easily  accom¬ 
plished.  The  vehicle  operator  monitored  the  depth  gage  during  deballasting 
to  determine  when  a  slight  positive  buoyancy  was  attained.  Operators  had 
no  problems  in  changing  vehicle  buoyancy  to  accommodate  for  cargo  changes. 

Several  hydraulic  tools  were  operated  from  the  vehicle  power  supply. 
Figure  19  shows  a  diver  operating  a  hydraulically  powered  winch  attached 
to  the  vehicle  cargo  bed.  The  free  end  of  the  winch  cable  was  attached  to  an 
eye  on  a  rock  bolt;  the  bolt  was  placed  by  the  diver  using  the  experimental 
hydraulic  rock  drill  shown  in  the  figure.  This  operation  was  conducted  in 
shallow  water  (10-foot  depth)  to  simulate  working  in  a  surge  area.  The  CAV 
was  ballasted  approximately  200  pounds  heavy  on  the  bottom  to  insure  a 
stable  work  platform.  The  mild  surf  present  produced  a  surge  current  of 
approximately  1  to  1-1/2  knots.  The  divers  had  no  difficulty  in  operating 
the  CAV  or  the  tools  in  this  condition.  The  vehicle  power  supply  provided 
ample  power  to  operate  the  hydraulic  tools.  Figure  20  portrays  various 
operational  situations  of  the  CAV. 


Figure  19.  Oiver  operating  hydraulically  powered  winch  mounted  on  CAV  cargo 
bed;  experimental  hydraulic  rock  drill  shown  on  right  side  of  winch. 


Summary 

1.  Stability  and  operational  tests  proved  the  CAV  to  be  a  stable  platform 
from  which  divers  can  perform  underwater  work. 

2.  The  majority  of  the  vehicle  components  functioned  without  major 
failure.  Results  of  tests  on  major  vehicle  components  are  summarized  in 
Table  7. 

3.  The  electro-hydraulic  propulsion  system  provides  excellent  control  over 
vehicle  speed  and  turning. 

4.  The  movable  weight  system  is  an  excellent  method  for  controlling  vehicle 
trim  angles.  Depth  control  while  translating  horizontally  is  oniy  marginally 
acceptable  and  is  best  controlled  by  utilizing  the  movable  trim  weight. 

5.  Because  of  the  displacement  of  the  center  of  thrust  with  the  vehicle 
center  of  drag,  horizontal  translation  requires  excessive  trim  adjustments 
by  the  operator. 
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6.  Vertical  propulsion  for  both  hovering  and  depth  control  is  excellent. 
However,  the  operator's  visual  reference  to  the  ocean  bottom  is  poor  because 
of  structural  obstructions. 

7.  Ballast  control  utilizing  seawater  and  closed  tanks  is  relatively  simple  and 
effective. 


8.  Cargo  handling  utilizing  an  open  cargo  deck  is  simple  and  effective. 

9.  The  CAV  propulsion  system  provides  adequate  power  to  effectively  operate 
hydraulic  tools.  In  addition,  ample  compressed  air  is  available  for  operation 
of  pneumatic  tools. 

10.  Utilizing  the  CAV  as  a  mobile  base  for  diver  construction  operations 

i  requiring  cargo  and  tools  proved  to  be  very  effective. 

1 1 .  Operator  maneuvering  control  for  locating  underwater  construction  sites 
is  easily  accomplished  utilizing  the  CAV.  In  addition,  operating  and  maneu¬ 
vering  in  limited  visibility  utilizing  a  reference  tine  is  easily  accomplished. 


EXTENSION  OF  CAV  CAPABILITIES 

The  experimental  CAV  has  been  proven  to  be  an  effective  diver 
construction  aid  for  carrying  construction  equipment  (tools  and  materials) 
i-  to  the  ocean  bottom  work  site  and  for  supporting  the  working  diver.  The 

mobility  of  the  vehicle  affords  the  diver  with  a  means  of  selecting  and  chang¬ 
ing  underwater  work  sites  without  surface  support.  Tools,  power  supplies, 
and  cargo  can  be  readily  located  at  the  working  diver's  option.  Sufficient 
battery  power  is  available  to  operate  the  vehicle  at  maximum  speed  (2.5 
|  knots)  for  approximately  4  hours.  In  a  construction  operation,  where 

j  hydraulic  tools  are  operated  from  the  vehicle  power  supply  during  50%  of 

|  the  total  operational  time,  sufficient  power  is  available  to  maneuver  the 

j  vehicle  a  distance  of  from  5  to  7  miles  be  re  requiring  surface  support  for 

I  system  replenishment. 

;  Power  sources  for  operating  tools  are  presently  located  on  the  surface 

j .  support  vehicle.  Cargo  and  supplies  are  either  lowered  to  the  bottom  by  the 

'  support  Slip  or  carried  by  divers  using  lift  bags.  In  both  cases,  as  surface  con¬ 

ditions  deteriorate,  operations  become  hazardous,  and  existing  equipment 
becomes  ineffective.  In  some  cases,  only  small  boats  (up  to  15  feet  in  length) 
have  been  available  for  surface  support.  In  these  instances,  working  divers 
must  rely  on  hand  tools  and  hand  lowering  lines  for  construction  aids. 
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(1)  CAV  being  used  for  surface  transportation  of  construction  divers. 


(2)  Operators  maneuvering  CAV  during  1 10-foot  test  dive.  Bubbles  are  being 
exhausted  from  pneumatic  trim  weight  motor. 


(3)  White  water  being  taken  over  bow  in  3-foot  seas.  Note  main  propulsion 
motors  set  for  vertical  dive. 


Figure  20.  CAV  in  various  operational  conditions. 
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(4)  CAV  being  towered  into  water  from  NCEL  warping  tug. 
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(5)  CAV  being  lifted  from  water.  Note  water  draining  from  trim  weight  tubes 
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(6)  CAV  cargo  bed  containing  split  pipe  cargo.  Battery  compensation  bladders 
shown  in  foreground. 


Figure  20.  Continued. 
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More  recent  operations  involve  the  installation,  stabilization,  protection, 
and  repair  of  oceanographic  cables.  These  installations  necessitate  the  move¬ 
ment  of  support  equipment  along  the  predetermined  ocean  bottom  cable  route. 
Accurate  placement  of  the  materials  and  equipment  is  essential.  As  an  example, 
holes  must  be  drilled  in  ocean  bottom  rock  and  coral  for  placement  of  explo¬ 
sive  charges  used  in  site  preparation  and  for  subsequent  placement  of  cable 
stabilizing  anchors. 

The  underwater  construction  teams  presently  utilize  a  pneumatically 
powered  crawler  rock  drill  designed  for  land  use  and  have  found  it  to  be 
extremely  unreliable  underwater.  In  addition,  its  bottom  crawling  capabil¬ 
ities  are  extremely  poor  because  of  the  irregular  terrain  encountered.  The 
drill  is  often  wedged  on  outcroppings  and  ravines.  Movement  of  the  track 
drill  over  large  obstacles  requires  the  use  of  either  a  surface  support  ship  or 
pontoon  lift  bags.  In  either  case  the  operation  is  time  consuming,  inefficient, 
and  hazardous. 

With  some  modification  and  extension  of  the  CAV  concept,  an  effective 
submersible  work  platform  could  be  designed  and  fabricated.  The  end  product 
would  be  a  diver  work  vehicle  capable  of  optimally  supporting  the  majority 
of  diver  construction  operations. 

Most  types  of  hydraulic  tools  can  be  operated  from  the  CAV  power 
supply.  Large  or  heavy  tools  could  be  mounted  on  the  cargo  deck,  thus 
utilizing  the  vehicle  fc  placement  at  the  site.  A  bottom  crawling  capability 
incorporated  with  the  vehicle's  present  capabilities  would  enable  the  working 
diver  to  more  accurately  place  the  cargo  or  work  equipment.  The  present 
capability  to  translate  horizontally  and  vertically  would  unable  the  diver  to 
easily  surmount  bottom  obstacles.  The  speeds  and  endu  ance  of  the  vehicle 
now  are  more  than  adequate  for  anticipated  diver  construction  operations. 

The  payload  capability  should  be  increased  to  a  minimum  of  2,000  pounds. 

In  remote  areas  where  surface  support  vessels  would  not  be  available, 
it  is  essential  that  the  CAV  prototype  have  a  capability  of  translating  to  shore 
either  under  its  own  power  or  with  minimal  land  or  surface  support.  Finally, 
transportation  of  the  CAV  from  the  home  port  to  remote  geographical  loca¬ 
tions  requires  that  the  size  and  weight  of  the  vehicle  be  reduced  to  permit  air 
shipment. 


COMPARISON  WITH  OTHER  DIVER  SUPPORT  SYSTEMS 

Various  types  of  wet  vehicles  for  supporting  scuba  divers  are  presented 
in  Table  8.  Swimmer  Propulsion  Units  (SPU)  provide  only  transportation. 
Swimmer  delivery  vehicles  provide  a  limited  cargo-carrying  capability  in  addi¬ 
tion  to  diver  transportation.  The  Buoyancy  Transport  Vehicle  (BTV)  and  the 
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CAV  are  the  only  known  diver-operated  vehicles  that  supply  power  to  operate 
the  working  diver's  tools.  The  BTV  complements  a  CAV -type  vehicle  in  that  it 
accommodates  the  movement  of  large  cargo  loads  on  the  bottom.  In  summary, 
the  CAV  is  the  only  vehicle  which  provides  the  working  diver  with  total  bot¬ 
tom  support. 


CONCLUSIONS 

1.  The  present  experimental  vehicle  provides  a  stable  platform  which  can  be 
safely  used  by  scuba  divers  for  the  support  of  underwater  construction  opera¬ 
tions.  The  experimental  vehicle  can  also  be  effectively  used  as  a  test  bed  for 
the  evaluation  of  underwater  tools  and  work  techniques.  Conclusions  on 
major  vehicle  systems  are: 

a.  An  electro-hydraulic  power  system  is  an  effective  means  of 
providing  vehicle  propulsion  and  tool  power. 

b.  A  simplified  control  system  with  no  hydrodynamic  control 
surfaces  is  an  effective  means  for  maneuvering  a  slow-moving  CAV -type 
platform. 

c.  A  rotating  propulsion  system,  as  designed  for  the  present  vehicle, 
that  provides  both  vertical  and  horizontal  thrust  is  unsatisfactory.  Indepen¬ 
dent  vertical  and  horizontal  thrust  proved  to  be  more  effective. 

d.  A  seawater  ballast  system  is  a  simple  and  effective  method  to 
compensate  for  vehicle  buoyancy  changes  resulting  from  removal  or  addi¬ 
tion  of  cargo.  Future  systems  shouid  be  designed  to  minimize  the  adverse 
trim  effects  .esulting  from  the  presence  of  a  free  liquid  surface. 

e.  A  simplified  instrumentation  system,  as  presently  configured,  is 
effective  in  operational  situations  where  high  speed  (above  2.5  knots)  and 
long  distance  navigation  (beyond  direct  visual  reference)  is  not  required. 

Blind  navigation  (visibility  limited  to  a  minimum  of  3  reet)  can  be  success¬ 
fully  accomplished  using  a  buoy-type  reference  line. 

2.  Mission  performance  tests  have  shown  that  the  CAV  concept  of  an 
underwater  "pickup  truck"  capable  of  carrying  all  necessary  tools  and  equip¬ 
ment  is  an  effective  means  of  supporting  the  working  diver.  Specifically: 

a.  The  elimination  of  power  umbilicals  (for  diver  tools)  from  surface 
support  vessel  provides  the  working  diver  with  more  freedom  and  safety  at 
the  underwater  work  site. 


b.  The  use  of  an  open  cargo  deck  for  storing  cargo  and  tools  is 
especially  effective  for  diver  operations.  The  presently  used  techniques 
associated  with  handling  small  items,  such  as  tools  and  split  pipe,  and  even 
items  up  to  500  pounds  that  can  be  handled  with  lift  bags  are  especially 
adaptable  to  this  type  of  vehicle. 

c.  Cargo  weighing  more  than  500  pounds  and  bulky  items  which 
require  loading  or  off-loading  by  divers  can  best  be  carried  under  the  CAV. 
However,  the  drag  effects  from  bulky  items  appreciably  reduce  the  operator's 
ability  to  maneuver  the  vehicle  while  it  is  translating  horizontally. 

d.  Surface  translation  and  submerged  vertical  and  horizontal  translation 
are  essential  for  diver  placement  and  location  at  the  desired  underwater  site.  In 
addition,  an  ability  to  track  (crawl)  along  the  seafloor  is  necessary  for  precise 
bottom  location,  such  as  would  be  encountered  during  a  cable  stabilization 
task. 


e.  Surface  replenishment  of  the  CAV  systems  can  be  accomplished 
from  a  support  vessel  such  as  an  LCM-5.  However,  in  remote  areas  where  a 
surface  support  vessel  would  not  be  available,  the  diver  vehicle  should  have  a 
capability  to  translate  through  mild  surf  (3  to  4  feet)  to  shore  either  under  its 
own  power  or  assisted  from  shore. 

3.  The  use  of  a  cockpit  mockup  for  instrumentation  and  control  arrangement 
together  with  the  application  of  human  factor  guidelines  is  essential  for  a  suc¬ 
cessful  vehicle  design. 


RECOMMENDATIONS 

1.  For  the  present  experimental  CAV  to  be  utilized  in  support  of  diver 
construction  operations,  or  in  conjunction  with  test  and  evaluation  of 
research-type  tools  and  work  techniques,  it  is  recommended  that  the 
following  modifications  be  made: 

a.  The  present  electrical  system  should  be  modified  to  provide 
greater  reliability.  Electrical  connectors  should  be  better  sealed  to  prevent 
seawater  intrusion;  electrical  motors  should  be  coated  for  protection  from 
contamination  by  carbon  and  for  minor  oil  leakage. 

b.  Some  additional  human  factors  engineering  and  redesign  of  the 
vehicle  controls  and  instrumentation  needs  to  be  performed  to  provide 
easier  operator  control:  integrate  the  pitch,  roll,  and  depth  indicators  into 
a  single  centrally  located  display;  provide  a  compass  for  operator  visual  ref¬ 
erence  on  directional  control;  increase  size  of  thrust  control  indicators. 

c.  The  main  propulsion  units  should  be  counterbalanced  to  provide 
easier  diver  actuation. 
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Table  8.  Comparison  of  Wet  Submersibles  for  Supporting  Scuba  Oivers 
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2.  With  the  test  bed  vehicle  described  herein,  the  CAV  concept  was  proven 
to  be  safe  and  effective.  The  CAV  concept  should  be  carried  through  to  a 
prototype  design,  fabrication,  and  evaluation.  The  prototype  vehicle  should 
have  the  following  characteristics: 

a.  Utilize  off-the-shelf  components  in  fabrication. 

b.  Reduce  size  and  weight  over  present  configuration,  while 
maintaining  a  2,000-pound  cargo-ca-rying  capability.  A  25%  reduction 
should  be  practical  without  substantial  cost  increases. 

c.  Redesign  power  system  to: 

(1)  Provide  independent  vertical  and  horizontal  thrust 
capabilities. 

(2)  Power  trim  weight  adjustment  by  utilizing  hydraulic 
system. 

(3)  Improve  electro-hydraulic  system  reliability  by 
designing  a  system  utilizing  an  oil-submersible 
electric  motor. 

(4)  Provide  independent  power  ballast  control  for  cargo 
compensation  with  a  minimum  300-lb/min  rate. 

d.  Incorporate  a  bottom  crawling  capability  for  accurate  bottom 
maneuverability. 

e.  Provide  an  amphibious  capability  to  translate  through  limited 
surf  (3  to  4  feet)  to  shore  to  accommodate  system  replenishment  or  loading 
and  unloading  in  remote  areas  where  surface  support  is  inadequate.  Surf 
zone  translation  may  be  accomplished  while  in  the  bottom  crawling  mode 
and  Perhaps  with  the  vehicle  unmanned. 

f.  Provide  the  CAV  with  a  capability  of  being  towed  at  a  minimum 
speed  of  5  knots. 

g.  Insure  that  the  vehicle  can  travel  submerged  at  a  speed  of  2.5  knots 
(zero  current)  for  a  duration  of  2  hours  and,  in  addition,  can  provide  sufficient 
power  tc  operate  a  6-gpm  hydraulic  tool  for  2  hours.  It  should  also  have  the 
capability  to  travel  on  the  surface  at  a  maximum  speed  of  2.5  knots. 

h.  It  is  highly  desirable  that  the  vehicle  be  completely  capable  of 
surface  in-water  replenishment  of  all  consumable  systems. 
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Appendix 

HUMAN  FACTORS  STUDY 


During  all  stages  of  the  development  and  evaluation  of  the  CAV  a 
considerable  amount  of  effort  was  directed  towards  human  engineering  of 
diver  operational  areas,  controls,  and  instrumentation,  in  order  to  provide 
the  operators  with  a  vehicle  that  was  safe  and  simple  to  operate. 


COCKPIT  MOCKUP 

During  the  design  stage  of  the  vehicle  development,  a  mockup  of  the 
vehicle  cockpit  was  fabricated  to  determine  the  feasibility  of  the  designer's 
control  and  instrumentation  arrangement.  In  addition,  the  mockup  was  used 
to  train  potential  CAV  operators. 

The  study  of  related  research  reports  and  discussions  with  both 
designers  and  operators  of  other  submersibles  indicated  that  the  proposed 
configuration  for  the  vehicle  cockpit  was  inadequate.  Sufficient  human 
factors  information  was  not  available  to  either  substantiate  the  actual  defi¬ 
ciencies  or  to  redesign  the  cockpit  to  provide  optimum  operator  performance. 
Thus,  actual  practical  experience  with  a  simulated,  but  realistic,  mockup  of 
the  operator  controls  was  necessary. 

The  materials  for  the  mockup  were  chosen  for  ease  of  fabrication  and 
for  adaptability  on  dry  land  and  underwater.  The  general  configuration  of 
the  cockpit  is  shown  in  Figure  21 .  Marine  plywood  was  used  on  most  flat 
surfaces;  galvanized  sheet  metal  formed  around  plywood  frames  was  used  to 
simulate  the  internal  structure  of  the  vehicle  cockpit.  The  mockup  was  bal¬ 
lasted  for  submergence  by  filling  the  lower  pipe  skegs  with  lead. 

During  dry  tests  the  nriuv.!'"p  was  generally  used  inside  a  shop  building. 
The  wet  tests  were  conducted  in  an  open  tank,  10  feet  deep  by  30  feet  in 
diameter.  The  underwater  tests  were  monitored  by  closed-circuit  television. 
Video  recordings  were  made  of  selected  portions  of  the  test  runs. 

Project  and  human  factors  engineers,  an  engineering  technician,  and 
two  Navy  enlisted  divers  participated  in  the  tests;  all  the  subjects  were  Navy 
qualified  divers. 

Discrete  tasks  were  performed  in  order  that  each  control  and  instrument 
could  be  checked.  The  controls  were  evaluated  to  determine  how  well  they 
could  be  s(«n,  reached,  and  operated  by  divers  ranging  from  approximately  5 
to  95  percentile  in  size;  the  instruments  were  checked  in  a  similar  manner  to 
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determine  their  readability.  Following  these  tests,  an  evaluation  was 
conducted  from  a  total  operational  standpoint.  Prior  to  the  commence¬ 
ment  of  the  operational  tests,  each  subject  was  thoroughly  indoctrinated 
as  to  the  function  of  the  control  and  its  relationship  to  vehicle  operation 
and  performance. 


Figure  21.  Mockup  of  cockpit. 


Waterproof  ca'ds  were  prepared  for  transmitting  instructions  to  the 
vehicle  operators;  Table  9  lists  the  operating  instructions.  The  copilot  showed 
one  cas'd  at  a  time  to  the  operator,  who,  in  turn,  performed  the  necessary 
functions.  The  operator's  response  was  monitored  to  determine  both  cor¬ 
rectness  and  ease  of  operation. 

Preliminary  tests  consisted  of  evaluating  the  proposed  instrumentation 
and  control  arrangement  (Figure  22).  Initially,  it  was  planned  to  utilize  the 
pilot  and  copilot  for  operation  of  the  vehicle  as  a  dual  effort.  However, 
because  there  was  no  provision  for  verbal  communication  between  the  oper¬ 
ators,  it  was  felt  that  it  would  be  excessively  difficult  to  operate  in  this 
manner.  In  addition,  experienced  submersible  operators  concurred  that 
dual  control  was  an  unsatisfactory  mode  of  operation. 
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Table  9.  Operating  Instructions 


Normal  Tasks 

Turn  on  power 
Turn  off  power 
Slow  speed  ahead 
Slow  speed  astern 
Pull  speed  ahead 
Fast  starboard  turn 
Slow  starboard  turn 
Fast  port  turn 
Slow  port  turn 
Normal  stop 

Oive  using  main  propulsion 

Surface  using  main  propulsion 

Blow  main  ballast 

Vent  main  ballast 

Open  CAV  scuba  "K"  valve 

Breath  CAV  air 

Blow  auxiliary  ballast 

Fill  starboard  auxiliary  ballast 

Fill  port  auxiliary  ballast 

Fill  both  auxiliary  ballast  tanks 

Transfer  auxiliary  ballast  from  port  to  starboard 


Emergency  Tasks 


1.  Emergency  stop 

2.  Starboard  electric  motor  failed 

3.  Release  marker  buoy 

4.  Large  rock  10  f-iet  ahead 

5.  Buddy  breath 

6.  Your  buddy  is  unconscious 

7.  Make  emergency  exit 

8.  Total  power  failure 

9.  Cargo  shifted  forward 

10.  Major  air  leak 

11.  Major  hydraulic  leak 

12.  Break  CAV  loose  from  bottom 


Figure  22.  Original  layout  of  instruments  and  controls. 


Using  data  obtained  from  the  preliminary  tests,  the  vehicle  cockpit 
arrangement  was  redesigned  (Figure  23).  This  modified  cockpit  was  tested 
in  a  manner  similar  to  the  original.  Table  10  lists  the  majo:  findings  for  the 
preliminary  design  and  for  the  modified  design. 

TRAINING 

A  considerable  amount  of  time  was  devoted  to  training  divers  to 
operate  the  CAV.  The  training  program  included:  (1 )  classroom  instruction 
on  the  systems  of  the  vehicle,  including  predicted  operational  characteristics 
and  projected  methods  of  control;  (2)  mockup  training  with  simulated  oper¬ 
ational  commands;  (3)  tethered  wet  vehicle  familiarization;  and  (4)  shallow 
water  operational  tests.  An  outline  of  the  training  program  is  shown  in 
Table  11. 


Figure  23.  Modified  layout  of  instruments  and  controls. 
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Table  10.  Test  and  Evaluation  of  Original  and  Modified  Mockup 


Item 

Original  Configuration 

Modified  Configuration 

Auxiliary  ballast 
weight  gages  and 
air  gage 

Instrument  gage  housing  excessively 
large;  space  needed  for  controls 

Separate  housings  provided  for  each 
gage;  gages  relocated  above  controls; 
gage  readability  satisfactory;  control 
space  obtained 

Compass 

None  provided,  but  one  required 

Compass  added;  position  satisfactory 

Depth  gage 

None  provided,  but  one  required 

Gage  added;  position  satisfactory 

Pitch  and  roll 
indicators 

Separate  instruments  required  for 
pitch  and  for  roll;  pitch  indicator 
very  difficult  to  see  in  murky 
water 

Instruments  integrated  into  a  single 
combined  function  unit;  configura¬ 
tion  and  readability  satisfactory 

Timer 

None  provided,  but  one  required 
for  diver  safety 

Conventional  stopwatch  enclosed  in 
waterproof  acrylic  housing;  readability 
and  reset  function  satisfactory 

Trim  weight 
indicator 

Very  difficult  for  operators  to  see 

Indicator  was  moved  from  beside  to  in 
front  of  operator;  improved  display  was 
not  provided  because  of  extensive 
mechanical  modification  required 

Auxiliary  ballast 
control 

Accessible  but  valves  rec, o 
much  force  to  operate  r  ■ 
difficult  for  divers  to  rem. 
valve  flow  logic;  pump  control  was 
located  on  Hydraulic  Systems  Con¬ 
trol  Panel  which  was  very  difficult 
for  operator  to  see  and  reach 

Ballast  control  valves  relocated  below 
panel  face  and  on  flow  diagram;  valves 
could  be  teen  and  operated  satisfactorily; 
operators  could  see  ballast  flow  logic  on 
panel;  pump  control  incorporated  unify¬ 
ing  control  functions 

Hydraulic  control 
system 

Controls  very  difficult  for  pilot  to 
see  and  reach 

Controls  relocated  much  closer  to  the 
pilot;  controls  could  be  seen  and  oper¬ 
ated  satisfactorily 

Main  and 
auxiliary  ballast 
blow  and  vent 
control 

Panel  too  low  for  operators  to  see 
easily;  main  ballast  tanks  could  be 
blown  accidently 

Control  panel  relocated  higher;  locking 
device  added  to  prevent  accidental  main 
ballast  blow 

Main  propulsion 
tilt  control 

Control  can  be  reached  and 
operated  without  difficulty  but 
control  rotation  opposite  from 
rotation  of  propulsion  motors 
(Figure  16) 

Control  rotation  direction  was  changed 

continued 
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Table  10.  Continued 


Item  Original  Configuration 

Scuba  K-valve  K-valve  located  at  pilot's  left 
control  requiring  his  regulator  hose  to 

pass  in  front  of  his  body  to 
reach  the  right  side  of  his 
regulator;  interfered  with 
control  operations 


Modified  Configuration 

K-valve  relocated  at  diver's  right  rear 
side;  bracket  provided  for  regulator 
just  to  the  right  of  his  legs;  new  loca¬ 
tion  and  bracket  satisfactory 


Twin  Morse  Controls  located  at  diver's  right, 

controls  making  operation  with  both  hands 

difficult  (reouired  for  fast  turns} 
(Figuie  22) 


Controls  relocated  directly  in  front  of 
pilot;  two-hand  operation  can  be  accom¬ 
plished  with  ease  (Figure  15) 


Trim  weight 
control 


Emergency 
marker  float 


Control  position  satisfactory 


None  provided,  but  one  is  necessary 
to  mark  the  location  of  the  CAV  in 
the  event  it  is  abandoned  during 
ocean  trials 


Line  added  to  control  wheel  to  provide 
improved  grip  and  to  readily  identify 
the  wheel,  as  the  two  control  wheels 
are  identical  and  neither  is  readily 
visible  to  operators 

A  quick-release  float  added;  can  be 
released  by  pulling  pin;  further  testing 
required 


Hand  rails  and  None  provided,  but  they  are 
holds  required  for  boarding  the  CAV 

when  afloat  and  for  aiding  fully 
equipped  operators  to  rise  or  sit 
down,  especially  during  wave 
action 

Seats  The  seats  were  not  adjustable  up 

and  down  and  were  adjustable  for¬ 
ward  and  aft  only  with  difficulty; 
no  back  rests  provided,  but  neces- 


Hand  rails  and  holds  added;  based  on 
in-tank  tests,  equipment  adequate:  sea 
trials  necessary  for  final  evaluation; 
roll-bar/hand-hold  provided  to  facilitate 
entry  /exit  end  to  protect  divers'  i.uads 
in  case  of  surfacing  under  vessel 

Fiberglass  seats  fabricated  which 
provided  an  easy  adjustment  in  two 
planes,  a  back  rest,  and  a  tank  rest; 
seats  appear  satisfactory 


Table  11.  Training  Program  for  CAV  Operator 


Meeting 

No. 

Topic 

Instruction 

Time 

(hr) 

1 

A.  System  Functions 

(a)  Electrical  systems 

(b)  Hydraulic  systems 

(c)  H.P.  air  system 

1-1/2 

8.  Conditioning — Harbor  Swim 

3/4 

2 

A.  System  Functions  (cont) 

(a)  L.P.  air  system 

(b)  Main  ballast  system 

(c)  Mechanical  system 

(d)  Auxiliary  ballast  system 

1-1/2 

B.  Conditioning — Harbor  Swim 

3/4 

3 

A.  Basic  Performance  Characteristics 

(a)  Control  functions 

(b)  Instrument  functions 

(c)  Speed  and  trim  relationships 

(d)  Stability  (righting  and  trimming 
movements) 

(e)  Introduction  to  notebook 

1-1/2 

B.  Conditioning — Harbor  Swim 

3/4 

4 

A.  Operating  Procedures 

(a)  Pre-dive 

(b)  On  surface 

(c)  Diving-surfacing 

(d)  Bottom  approaches 

1-1/2 

B.  Conditioning — Harbor  Swim 

3/4 

5 

A.  Safety 

(a)  General  safety  problems 

(b)  Mockup  wet  test 

3/4 

B.  Introduction  to  Math  cf  Trim  and 

Auxiliary  Ballast  as  a  Function  of 

Cargo 

3/4 

C.  Conditioning — Harbor  Swim 

3/4 

continued 
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Table  11.  Continued 


Meeting 

No. 

Topic 

Instruction 

Time 

(hr) 

A.  Notebook  Questions  and  Discussion 

1-1/2 

6 

(a)  Physical  characteristics 

(b)  Technical  aspects  (functions 
and  principles) 

B.  Conditioning — Harbor  Swim 

3/4 

7 

A.  Dry  Mockup  Rehearsal  of  Basic  Vehicle 
Operational  Procedures 

M/2 

8.  Conditioning — Run 

3/4 

8 

A.  Dry  Mockup  Operational  Procedure  Problems 
and  Critique 

1-1/2 

B.  Conditioning — Harbor  Swim 

3/4 

A.  Safety 

1-1/2 

9 

(a)  Mouth-to-mouth  resuscitation 

(b)  Closed  chest  heart  massage 

(c)  Resuscitator  use 

A.  Notebook  Questions  and  Discussion 

1-1/2 

10 

(a)  Technical  aspects  (functions 
and  principles) 

(b)  Operation  characteristics 

(c)  Situational  procedures 

B.  Conditioning — Harbor  Swim 

3/4 

A.  Safety.  Wet  Mockup  Tests 

3/4 

11 

(a)  Considerations  and  procedures 

(b)  Practice  (removing  injured  person 
from  tank) 

B.  Wet  Mockup  Operational  Procedure 

Problems  With  Critique 

1 

12 

A.  Wet  Mockup  Operational  Procedure 

Problems  With  Critique 

2 

continued 
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Meeting 

No. 


Topic 


Instruction 

Time 

(hr) 


13 

A.  Classroom  Math  Analysis  of  Trim 
and  Weight  Ballast  Requirements 
for  Cargo  Handling 

B.  Conditioning — Harbor  Swim 

1-1/2 

3/4 

14 

A.  Underwater  Trim  Weight  and  Ballast 
Requirement  Problems  for  Cargo 

Handling 

2 

15 

A.  Classroom  Load-Handling  Procedures 

(a)  Weighing 

(b)  Transporting 

(c)  Lashing 

1 

B.  CAV  Handling  From  Support  Ship 

1/2 

C.  Conditioning — Harbor  Swim 

3/4 

16 

A.  In-Tank  (wet)  Load-Handling  Practice 

(a)  Air-bag  lift  device 

(b)  CAV -type  lifting  frame  (if  ready) 

2 

17 

A.  Notebook  Questions  and  Discussion 

(a)  Logistics 

(b)  Stability 

(c)  Records 

1-1/2 

B.  Conditioning — Harbor  Swim 

3/4 

18 

A.  Classroom  CAV  Maintenance  and  Checkout 

(a)  Pre-dive  checks 

(b)  Air  and  battery  charging 

(c)  General  Maintenance 

1-1/2 

B.  Conditioning — Run 

3/4 

19 

A.  Safety 

(a)  CAV  harbor  tests 

(b)  CAV  at-sea  tests 

3/4 

B.  Briefing  for  In-Harbor  CAV  Tests 

3/4 

. 

C.  Conditioning — Harbor  Swim 

3/4 

Because  the  CAV  is  an  experimental,  one-of-a-kind  submersible, 
only  predicted  operational  characteristics  were  available  during  the  operator 
training  program.  In  view  of  this  fact,  the  actual  wet  training  with  the  vehi¬ 
cle  was  conducted  under  rigid  safety  considerations.  Simplified  operations 
were  performed  until  the  operators  had  gained  sufficient  confidence.  Once 
the  basic  procedures  for  surfacing  and  submerging  became  routine,  opera¬ 
tional  tests  were  conducted. 

Prior  to  commencement  of  vehicle  wet  testing,  a  comprehensive 
analysis  of  the  vehicle  was  conducted  to  determine  potentially  hazardous 
conditions.  The  results  of  the  hazards  analysis  were  implemented  in  the 
form  of  either  modifications  to  eliminate  hazards  or  operational  procedures 
to  minimize  the  danger.  Table  12  contains  the  hazards  analysis. 

VEHICLE  OPERATION 

Each  vehicle  operation  was  planned  in  advance,  and  the  operators 
were  instructed  in  detail  as  to  the  requirements  of  the  dive.  At  the  end  of 
the  operation,  the  operators  were  debriefed  to  obtain  data  on  vehicle  per¬ 
formance  and  to  determine  problems  with  performing  the  various  operations. 
Modifications  were  made  when  it  was  determined  that  a  particular  system  or 
component  was  not  adequate  for  mission  perfprmance. 

Prior  to  the  commencement  of  each  diving  sequence  the  vehicle  was 
inspected  to  insure  that  all  systems  were  operable  and  that  no  potentially 
hazardous  condition  existed.  In  addition,  the  vehicle  life  support  air  and 
pressure-compensating  gas  was  checked  each  time  the  vehicle  surfaced. 
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